To understand the mechanisms of off-odor production in irradiated meat, the volatile compounds produced from individual fatty acids by irradiation were identified. Nonirradiated oil emulsions prepared with polyunsaturated fatty acids (PUFAs) produced many volatile compounds, but the amounts of volatiles generally decreased after irradiation. Although volatile profiles of fatty acid emulsions were changed by irradiation, the odor characteristics and intensity between irradiated and nonirradiated fatty acid emulsions were not different. Thiobarbituric acid-reactive substances (TBARS) values indicated that irradiation accelerated lipid oxidation during subsequent storage, but the volatiles produced by lipid oxidation were not the major contributors of off-odor in irradiated samples.
Introduction
Ionizing radiation is known to generate hydroxyl radicals in aqueous or oil emulsion systems. The hydroxyl radical is the most reactive oxygen species. It can initiate lipid oxidation by abstracting a hydrogen atom from a fatty acyl chain of a polyunsaturated fatty acid (PUFA) and form a lipid radical. In the presence of oxygen, the lipid radical rapidly reacts with oxygen to form a peroxyl radical which, in turn, can extract a hydrogen atom from another fatty acyl chain, yielding a new free radical that can perpetuate the chain reaction, and a lipid hydroperoxide that can be degraded into various volatile compounds after a series of secondary reactions. Aldehydes contributed the most to oxidation flavor and rancidity in cooked meat. Hexanal was the predominant aldehyde produced by lipid oxidation, and hexanal content correlated the best with TBARS of meat. This study was to determine the volatile compounds produced from individual fatty acids by irradiation as a step toward understanding the mechanisms of off-odor production in irradiated meat.
Materials and Methods
Selected fatty acids generally found in meat (palmitoleic, oleic, linoleic, linolenic, and arachidonic), corn oil (refined), and fish oil (refined) were used to determine their contribution to lipid oxidation-dependent production of volatiles by irradiation. An oil-in-water emulsion system was used in this study because it can increase the surface area of fatty acid or oil. Oil emulsion was prepared by blending 0.5 g of fatty acid or oil in 50 mL deionized distilled water. An aliquot of oil emulsion sample (15 mL) was transferred to a scintillation vial and irradiated at 0 or 5.0 kGy using a Linear Accelerator. Volatile profiles, TBARS, and odor characteristics of irradiated and nonirradiated oil emulsions were compared.
Results and Discussion
Many new volatiles were generated from oil emulsions of PUFAs by irradiation. The amounts of most of the volatiles in the oil emulsions of PUFAs, however, decreased after irradiation. Benzene and toluene were detected in irradiated fatty acids or oil emulsions. Sensory panelists described the odor characteristics of fatty acid emulsions as "fishy" and "metallic," and the intensity and characteristics of odor from irradiated fatty acid emulsions were not different from those of nonirradiated emulsions. The volatile results of MUFA and PUFA emulsions indicated that irradiation newly produced or increased the amounts of 1-hexene, 1-heptene, 1-octene, and 1-pentene, which were known as the irradiation-dependent volatiles. The presence of large quantities of hydrocarbons, aldehydes and ketones in nonirradiated oil emulsions from PUFAs indicated that a significant degree of oxidative process had progressed in the oil emulsions before irradiation. The decrease of volatiles from the PUFA emulsions by irradiation suggested that the secondary products of lipid oxidation in the fatty acid emulsions could have reacted with the radiolytic products in the fatty acids to produce different volatiles or nonvolatile molecules. Consequently, the amounts of many volatiles were decreased by irradiation due to the secondary chemical reactions. In the MUFA emulsion, however, direct impact of electron energy should have broken acyl bonds, and produced short-chain hydrocarbons, and generated new volatiles.
Nonirradiated emulsion prepared with fish oil produced many volatiles, but the amounts changed after irradiation. The amounts of octane, pentane, heptane, and 2-propenal in emulsion prepared with fish oil increased significantly after irradiation, but the increased amounts were relatively small. The production of 2,5-octadiene and propanal in emulsion prepared with fish oil decreased, and 2-ethylfuran, 2-pentene, 1,2-dimethyl cyclopropane, and 2,4-octadiene disappeared after irradiation. Corn oil emulsion generated many new volatiles while fish oil emulsion decreased the number and amount of volatiles by irradiation as in MUFA and PUFA emulsions. The fatty acid compositions showed that corn oil had a much higher portion of MUFA than fish oil (Table 1) and corn oil had almost no lipid oxidation products before irradiation. The result of volatile analysis in corn and fish oils indicated that the volatile profiles of irradiated oils were influenced by the composition, the length of carbon chain, and the number of double bonds of fatty acids in oils.
Irradiation influenced the TBARS values of fatty acids emulsions (Figure 1) . TBARS values of irradiated emulsion samples immediately after irradiation were lower than those of nonirradiated samples. After 5 d of storage at 4 °C, however, irradiated samples developed higher TBARS values than nonirradiated emulsions. Arachidonic acid, linolenic acid, and fish oil, which had a high proportion of multi-double-bonded fatty acids, had accelerated lipid oxidation after irradiation. Among the volatiles of emulsion prepared with arachidonic acid, linolenic acid, or fish oil, aldehydes including 2-propenal, propanal, butanal, pentanal, and hexanal increased the most during the storage (Table 2) . Hexanal was produced only in emulsion prepared from arachidonic acid and propanal only from linolenic acid, indicating that n-3 PUFAs are the source of propanal and n-6 PUFAs of hexanal. Fish oil that contains both n-3 and n-6 PUFAs produced both propanal and hexanal. Longer storage time increased the amount of aldehydes and TBARS values in these oil emulsions, but irradiation had minimal effect on the increase of aldehydes and TBARS.
Conclusion
Irradiation produced a few new volatiles and increased the amount of 1-hexene, 1-heptene, 1-octene, and 1-pentene, which were known as the irradiation-dependent volatiles, in oil emulsion of MUFAs and PUFAs. These volatiles, however, had little effect on the sensory characteristics of oil emulsion. The amounts of aldehydes, the indicators of lipid oxidation, in oil emulsion did not increase by irradiation, and volatiles from lipids accounted for only a small part of the off-odor in irradiated meat. 
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